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Abstract
The effect of the carbon concentration on the elastic properties and marten-
sitic microstructure of Marval X12 steel is studied using first principles cal-
culations and phase-field simulations. The density functional theory (DFT)
results predict almost no changes of the elastic moduli with an increase of C
content. However, there is a sizeable change of the elastic constants due to cu-
bic to tetragonal martensitic transformation. The elastic constants are used
as input data for the 3D elastoplastic phase-field model to study the marten-
sitic microstructure evolution in Marval X12 steel. The results, showing that
lath martensite is formed in this steel, are in agreement with experiments.
With increasing carbon concentration, we observe formation of mixed mor-
phology predominantly composed of martensite laths and some martensite
plates. Our results also suggest that different combinations of martensite
variants are formed with increasing carbon content.
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1. Introduction
Maraging steels have been used in military and aerospace industries due
to their high strength and toughness, good damage tolerance, high strength
to weight ratio [1–3]. The good mechanical properties of maraging steels
are due to the microstructure that consists of lath martensite formed dur-
ing quenching, intermetallic precipitates and reverted austenite that form
during aging [3]. The lath martensitic microstructure and the intermetal-
lic precipitates improve the hardness by obstructing the dislocation motion.
The ductility and toughness are improved by reverted austenite that forms
due to the reverse phase transformation of martensite to austenite during
aging [4, 5].
Experiments have shown that a small fraction of austenite, either retained
or reverted, can be present in PH13-8 Mo maraging steels [6, 7]. Both types of
austenite affect the toughness of maraging steels [8]. It has been reported that
austenite can transform to martensite under the influence of elastic stress and
can cause transformation induced plasticity (TRIP) effect [9–11]. Under the
influence of stresses greater than the yield stress, austenite can transform
to strain-induced martensite [12]. Therefore, it is essential to predict the
formation of martensite and retained austenite in maraging steels.
Marval X12 steel is a maraging steel with a composition of Fe - 12 Cr - 9
Ni - 2 Mo - 0.9 Al - 0.3 Ti - 0.02 C, expressed in weight %. The effects of alloy-
ing elements on martensite formation and mechanical properties of maraging
steels have been studied previously [13, 14]. Titanium does not show a signif-
icant effect on martensite start (Ms) and finish (Mf ) temperature, whereas
2
chromium promotes stabilization of austenite and shifts the Ms temperature
[13]. Carbon content in maraging steels is limited to 0.03 wt.% in order to
obtain lath martensite and because of the ability of carbon to form grain
boundary carbides with titanium that can cause embrittlement [14]. The
carbon content can be increased in maraging steels that do not contain ti-
tanium and hence grain boundary carbides can be avoided [14]. Increased
carbon content leads to increased amount of residual austenite in marag-
ing steels [14]. An increase in the carbon content affects the morphology of
martensite. A low carbon steel can give rise to lath martensite, whereas a
high carbon steel can give rise to plate martensite [15, 16]. The mechanical
properties of these two morphologies can be different [16] and therefore it is
practically important to know whether the morphology of Marval X12-type
of maraging steels can be affected by changing the C content.
The phase field method [17, 18] represents the theoretical approach of
choice to address this problem. It has already been successfully applied to
study martensitic transformations [19–26] as well as the reversion of marten-
site to austenite [27] in numerous research papers. In the present work, a
3D phase-field model coupled with continuum plasticity [19], including strain
hardening [28], is used to study the martensitic microstructure evolution in
Marval X12 steel. The elastic constants as well as crystal structure changes
[29] of the steel with variations in C-content are investigated by means of
first principles calculations. We use the results of these first principles calcu-
lations along with the thermodynamic data from Thermo-Calc [30] to predict
possible martensite morphology in Marval X12-type of steels with different
carbon contents.
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2. Methodology
2.1. Elasic constants calculations
Elastic constants and elastic moduli in this work have been calculated
following the methodology described in [23, 31, 32]. A uniform lattice dis-
tortion in the elastic property calculations has been imposed on the lattice
by transforming the set of primitive vectors, ai, to a set of new vectors, a
′
i:

a′1
a′2
a′3
 = (I + ε) ·

a1
a2
a3
 , (1)
where I is the 3× 3 identity matrix and ε is a symmetric strain tensor:
ε =

e1 e6/2 e5/2
e6/2 e2 e4/2
e5/2 e4/2 e3
 . (2)
The total energy change (∆E) at zero pressure/zero volume change reads
as:
∆E = V
6∑
i=1
6∑
j=1
Cijeiej/2 +O[e
3
i ], (3)
where V is the equilibrium volume, Cij are the elastic constants, ei and ej
are the components of the strain tensor and the O[e3i ] term indicates that
cubic and higher powers of ei are neglected in the expansion.
There are 21 independent elastic constants, Cij, but symmetry of the
cubic lattice reduces this number to only 3 independent constants (C11, C12,
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and C44) for cubic lattices. A uniform isotropic straining (compression or
expansion) of the lattice gives one the access to the bulk modulus, B, which
is a linear combination of two elastic constants,
B = (C11 + 2C12) /3 (4)
and can be directly obtained from the equation of state (EQOS) DFT calcula-
tions . The calculation of B reduces the number of necessary Cij calculations
to two volume-conserving strains shown in terms of related lattice distortions
x in Table 1. In the case of the tetragonal lattice, the number of elastic con-
stants increases to six (see Table 1) and the relation between them and the
bulk modulus reads as follows:
B =
(
(C11 + C12)C33 − 2C213
)
/ (C11 + C12 + 2C33 − 4C13) . (5)
The value of distortion x has been varied from zero (for the equilibrium
state) to ±0.05 with a step size of 0.01 for the cubic case and from zero to
±0.03 with a step size of 0.01 for the tetragonal case, in accordance with
Mehl et. al.’s prescription [31].
Polycrystalline Young modulus E and shear moduli G are evaluated using
the obtained single crystal elastic constants as follows. There is no exact
expression for the polycrystalline-averaged shear modulus in terms of the
Cij, but one can evaluate approximate ”averages” of the lower and upper
bounds.
In the case of cubic symmetry, the upper bound due to Voight [33] is
calculated as:
GV =
C11 − C12 + 3C44
5
, (6)
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Table 1: Strain and energy changes for the cubic and tetragonal phases after Ref. [31].
Non-listed ei are set to 0.
Strain Parameters ∆E/V
Cubic lattice
1 e1 = −e2 = x
e3 = x
2/(1− x2) (C11 − C12)x2 + O[x4]
2 e3 = x
2/(4− x2)
e6 = x (1/2)C44x
2 + O[x4]
Tetragonal lattice
1 e1 = e2 = x (C11 + C12)x
2 + O[x3]
2 e1 = e2 = x
e3 = −x(2 + x)/(1 + x)2 (C11 + C12 + 2C33 − 4C13)x2 + O[x3]
3 e3 = x (C33x
2/2) + O[x3]
4 e1 = ((1 + x)/(1− x))0.5 − 1
e2 = ((1− x)/(1 + x))0.5 − 1 (C11 − C12)x2 + O[x4]
5 e4 = e5 = x, e3 = x
2/4 C44x
2 + O[x4]
6 e6 = x
e1 = e2 = (1 + x
2/4)0.5 − 1 C66x2/2 + O[x4]
and the lower bound due to Reuss [34] reads:
GR =
5(C11 − C12)C44
4C44 + 3(C11 − C12) . (7)
In the case of tetragonal symmetry, these expressions read as follows:
GV = (2C11 + C33 − C12 − 2C13 + 6C44 + 3C66)/15, (8)
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and the lower bound due to Reuss [34] reads:
GR = 15C(C11 − C12)C44C66/(2(C11 − C12)(2(C11
+C12) + 4C13 + C33)C44C66 + 3C(2C44C66 + (C11 − C12)(C44 + 2C66))), (9)
where
C = C33(C11 + C12)− 2C213. (10)
According to Hill [35], the arithmetic average of the Voight and Reuss
values can be used as an estimate of the average shear modulus:
G =
GV +GR
2
. (11)
Using this estimate ofG, we evaluate the polycrystalline-averaged Young’s
modulus as
E =
9BG
3B +G
. (12)
2.2. Computational details
Spin polarized density functional theory (DFT) calculations of the total
energy in this work have been performed using the projector-augmented-wave
(PAW) [36, 37] method as implemented in the Vienna ab initio simulation
package (VASP) [38, 39]. We have used the generalized gradient approxima-
tion (GGA) to the exchange-correlation potential[40, 41]. The VASP-PAW
calculations have been performed using a plane-wave cutoff energy of 400 eV.
The convergence criteria have been chosen to be 10−7 eV for the total energy
and 9×10−3 eV/A˚ for the forces. Ionic relaxations were included in all cal-
culations. The integration over the Brillouin zone has been done using the
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6× 6× 6 Monkhorst-Pack mesh [42] for the largest 4× 4× 4 ×[conventional
bcc cell] supercell (SC) that has been changed proportionally to the cell size
of other supercells used in the calculations using smaller SCs [see Sec. 2.3]
to keep a constant k-point density.
The exact muffin-tin orbital (EMTO) method [43, 44] implemented in the
Green’s function formalism and combined with the full charge density (FCD)
technique [45] has been used in the coherent potential approximation (CPA)
[46] calculations of disordered alloys. The paramagnetic state of these alloys
has been modeled by the disordered local moment (DLM ) [47, 48] model. All
self-consistent DLM-CPA calculations have been performed using the orbital
momentum cut-off of lmax = 3 for partial waves. The integration over the
Brillouin zone has been performed using 37× 37× 37 Monkhorst-Pack grids
of k-points [42] for both fcc and bcc structures. The core states have been
recalculated at each self-consistent iteration. The screening constants for
the screened Coulomb interactions have been obtained by the EMTO-LSGF
(locally self-consistent Green function method) method [49].
The equation of state and its parameters have been obtained using the
Birch-Murnaghan fit [50]. All structures have been rendered using the VESTA
programme package [51].
2.3. Elastic constants of random alloys
Elastic constants of random alloys in EMTO-CPA calculations have been
calculated as described in Sec. 2.1 using 1-atom primitive fcc and bcc cells.
Elastic constants of a random Fe78.125Cr12.5Ni9.375 alloy in VASP-PAW cal-
culations have been calculated using a 4 × 4 × 4 × [conventional bcc cell]
supercell (SC) of 128-sites. Hereby and in what follows, all concentrations
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are given in atomic percent.
We have used the following supercell configurations to model Fe-Cr-Ni-C
random alloys in the VASP-PAW calculations: i) 4×4×4 ×[conventional bcc
cell] (128-site , Fe78.125Cr12.50Ni9.375 and 128-site + 1C, Fe77.52Cr12.40Ni9.30C0.78);
ii) 3 × 3 × 3 (54-site + 1C, Fe76.36Cr12.72Ni9.10C1.82); iii) 2 × 2 × 2 (16-site
+ 1C,Fe76.48Cr11.76Ni5.88C5.88 ). Fe, Cr and Ni atoms have been disrtibuted
on the metal-atom sublattice in a way that their pair correlation functions
(Warren-Cowley short range order parameters) are as close as possible to
zero (referring to a completely disordered distribution of atoms) at the first
four coordination shells (see Supplimentary material for details). The carbon
atom has always been placed in such atomic environment that represents as
closely as possible the chemical composition of the random alloy at the first
coordination sphere as it is shown in Figure 1. Exact values of the short
range order parameters in the optimized supercells for all alloys are provided
as Supplimentary material.
Prepared supercell structures have been fully relaxed including volume,
shape and atomic positions relaxations. The presence of atomic disorder at
atomic level in the created SC introduces minor changes of the crystal sym-
metry leading to slightly orthorhombic rather than cubic (in the case of ferrite
in C-free steels) or tetragonal (in the case of martensite) symmetries observed
in experiment [52]. We have tried to remove this artefact of the SC construc-
tion by averaging out the deviating lattice constants a, b and c after the full
relaxation (arel, brel and crel ) and using the averaged values along with the
the experimentally observed crystallographic geometry in all elastic constants
calculations. After fixing the cell shape to a=b=c=(arel + brel + crel) /3 for
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the case with no C and to a=arel 6= b=c=(brel + crel) /2 for the case of al-
loys with C, the atomic positions and the cell volume have been additionally
relaxed prior to the elastic constants calculations.
2.4. Phase-field model
The martensitic microstructure evolution is governed by the phase-field
equation [19, 20]:
∂ηp
∂t
= −L
p=3∑
p=1
(
∂Gchemv
∂ηp
+
∂Gelv
∂ηp
− 1
2
β
∂ηp
∂ri
∂ηp
∂rj
)
(13)
where ηp is the phase field variable that tracks the evolution of martensite
units, r(x,y,z) is the position vector expressed in Cartesian coordinates, L
governs the mobility of the phase interface, Gchemv is the chemical part of the
Gibbs energy density and Gelv is the strain energy density. The last term in
Eq. (13) is the gradient energy term (Ggradv ) and β is the gradient energy
coefficient expressed in terms of the interfacial energy (γ), molar volume (Vm)
and the Gibbs energy barrier as: β = 9γ
2Vm
16∆G∗ .
Martensite variants (laths) can form in 24 different crystallographic ori-
entations. Based on the axis of compression of the variants, they can be
grouped into three basic variants known as Bain variants [53, 54]. In this
work formation of the three Bain variants is modelled by considering three
phase-field variables η1, η2 and η3. G
chem
v is expressed as a Landau-type
polynomial in terms of the three phase-field variables [19, 20]:
Gchemv (η1, η2, η3) =
1
Vm
[
1
2
A
(
η21 + η
2
2 + η
2
3
)− 1
3
B
(
η31 + η
3
2 + η
3
3
)
+
1
4
C
(
η21 + η
2
2 + η
2
3
)2] (14)
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where the coefficients A,B,C are expressed in terms of Gibbs energy barrier
(∆G∗) and the driving force (∆Gm) as: A = 32∆G∗, B = (3A − 12∆Gm),
C = (2A−12∆Gm) and ∆G∗ = Vmβ2δ2 [19]. δ is the physical interface thickness.
Gelv can be expressed as [19, 20, 22]:
Gelv =
∫ ij(r)
0ij(r)
σij(r)dij(r) =
∫ ij(r)
0ij(r)
cijkl
(
kl(r)− 0kl(r)− plkl(r)
)
dij(r)
(15)
where σij(r) is the stress, cijkl is the tensor of elastic constants, ij(r) is the
total strain, 0ij(r) is the stress-free transformation strain and 
pl
kl(r) is the
plastic strain. The total strain ij(r) is calculated by solving the mechanical
equilibrium equation
∂σij(r)
∂rj
= 0, expressed as:
cijkl
(
∂kl(r)
∂rj
− ∂
0
kl(r)
∂rj
− ∂
pl
kl(r)
∂rj
)
= 0 (16)
Small strain theory is assumed in the present work and therefore ij(r) =
1
2
(
∂ui(r)
∂rj
+
∂uj(r)
∂ri
)
, where u(r) is the local displacement vector.
0ij(r) is given by:
0ij(r) =
p=3∑
p=1
ηp(r)
00
ij (p) (17)
where 00ij (p) are the Bain strain tensors that govern the three phase-field
variables (η1, η2 and η3) and are given by:
00ij (1) =

3 0 0
0 1 0
0 0 1
 , 00ij (2) =

1 0 0
0 3 0
0 0 1
 , 00ij (3) =

1 0 0
0 1 0
0 0 3
 (18)
where 3 is a compressive transformation strain, 1 is a tensile transformation
strain and are defined based on the lattice constants of austenite (aFCC) and
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martensite (aBCC , cBCC) as: [19]. Thus the martensite (Bain) variants 1, 2
and 3 are governed by 00ij (1), 
00
ij (2) and 
00
ij (3), respectively.
The plastic strain (plkl(r)) is generated when the internal stress (σij(r))
exceeds the yield limit and the material undergoes plastic deformation. In
the present work, the von Mises yield criterion is used. The evolution of
plastic strain plij(r) is governed by [19, 22]:
∂plij(r)
∂t
= −kijkl δG
shear
v
δplkl(r)
(19)
where Gshearv is the shear energy density expressed in terms of deviatoric
strain components [19], kijkl (= kc
−1
ijkl) is the plastic kinetic coefficient and
c−1ijkl is the compliance tensor. k is a parameter, which controls the rate
at which stresses are relaxed by means of plastic deformation and is called
plastic relaxation rate [19]. Linear isotropic strain hardening is considered
by using the expression σy = σ
0
y + H
pl(r) [55], where σy is the yield stress
of the material that depends on plastic strain, σ0y is initial yield stress, H is
hardening modulus and pl(r) is equivalent plastic strain.
The elastic modulii of FCC, BCC and BCT phases are acquired from
ab initio calculations, as explained in Section 2.1. The anisotropic elastic
properties of different phases are considered by using cijkl = c
FCC
ijkl (1− ηp) +
cBCCorBCTijkl ηp. Hence the elastic modulii c
FCC
ijkl or c
BCCorBCT
ijkl are considered
when ηp = 0 or ηp = 1, respectively and in the interface a weighted cijkl that
depends on the weight yielded by the phase-field variable is considered.
2.4.1. Phase-field simulation data
Table-2 shows the data used to study Marval X12 steel (Fe-12.8 at %Cr-
8.5 at %Ni) as well as the steels with increased carbon content. The data
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is calculated using the CALPHAD method and ab initio method as well
as acquired from experiments. Table-3 shows the lattice constants used in
the phase-field simulations. The lattice constants of the Marval X12 steel are
acquired from experimental data [56]. The variation of lattice constants with
increasing carbon content of Marval X12 steels is estimated by assuming that
the trend is similar to that of Fe-C alloys [29].
Table 2: Simulation data.
Ms temperature of Marval X12 steel: 421 K [57]
Thermodynamic coefficients: A = 1188 J/mol, B = 3564 J/mol,
C = 2376 J/mol [19]
Gradient coefficient (β) = 0.1061 x 10−10 J/m [19]
Driving forces (J/mol) at T= 421 K are: –3612, –3000, –2550, –2327 and
–1995 for the alloys shown in Table-3, respectively [30]
Molar volume (Vm) = 7 x 10
−6 m3/mol
Gibbs energy barrier (∆G∗) = 37.135 J/mol
Interfacial energy (γ) = 0.01 J/m2 [20]
Lattice constants: See Table-3
Elastic constants of the fcc phase of different alloys: See Table- 5
Elastic constants of the bcc phase of different alloys: See Fig. 3
Initial yield stresses: σ0y (fcc) = 500 MPa [58], σ
0
y (bct) = 800 MPa [59].
H = 738 MPa [60].
Plastic relaxation rate (k) = 0.2 GPa−1s−1
Interfacial kinetic coefficient (L) = 1 m3J−1s−1
13
Table 3: Alloy compositions and lattice constants.
fcc bcc or bct
Alloy composition (at. %) a (A˚) a (A˚) c (A˚) c/a
Fe-12.8Cr-8.5Ni [56] 3.6024 2.881 2.881 1
Fe-12.8Cr-8.5Ni-0.78C 3.6106 2.8784 2.9014 1.0080
Fe-12.8Cr-8.5Ni-1.8C 3.6216 2.8752 2.929 1.0187
Fe-12.8Cr-8.5Ni-4.5C 3.6504 2.8681 3.001 1.0463
Fe-12.8Cr-8.5Ni-5.75C 3.6648 2.8652 3.037 1.0599
Simulations are performed on austenite single crystal of 1 µm grain size
by using FemLego software [61]. A pre-existing spherical martensite (η1)
embryo of 0.1 µm is considered in the center of the grain. All the phase-
field simulations are performed at the experimental Ms temperature of 421
K. Dirichlet (clamped) boundary conditions are considered. The plastic re-
laxation rate (k) is a model parameter and is chosen to be independent of
alloy composition. The values of physical interface width (δ) and Gradient
coefficient (β) considered in the simulations ensure that the transformation
is not completely barrier-less and also that the energy barrier is not too large
such that the transformation is inhibited.
The grid size considered is 50 x 50 x 50 to simulate a three dimensional 1
µm grain. Hence the width of each grid element is 20 nm. In the simulations
three grid elements were considered as the interface width. Therefore, for
better numerical accuracy, the actual interface width considered in the sim-
ulations is 60 nm compared to the physical interface thickness of 1 nm used
to calculate the Gibbs energy barrier. In one of the authors’ recent work, an
interface width of 30 nm is considered to simulate martensite formation in
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a two dimensional (2D) grain of 1 micron [25]. On comparing the present
results with the previous results, we do not see any significant dependence
of the microstructure on interface width considered in the simulations.
As the experimental data related to the mobility of the martensitic in-
terface is ambiguous, the interface mobility (L) in Eq. (13) is considered to
be unity. Due to the dependence of time (t) on the ambiguous parameter
Lpq, the time scale is expressed in terms of dimensionless time t*, where
t∗ = LRTt/Vm.
3. Results and discussion
3.1. DFT results
3.1.1. Phase stability at 0 K
As a first step in our study we have evaluated stability of the fcc (austenitic)
and bcc (ferritic) phases of Marval X12 carbon free steel Fe76Ni8.3Cr12.6Al1.4
Si0.1Ti0.4Mn0.03Mo1.14 using EMTO DFT calculations at 0K. The results
shown in Figure 2a demonstrate that both bcc and fcc phases prefer the
ferromagnetic (FM) over the paramagnetic (PM) state (represented in our
calculation via the DLM model) at 0K. The most stable phase at 0K has been
found to be FM bcc. As the cell volume decreases, the fcc FM phase under-
goes a high-spin to low-spin phase transition at around 2.62 a.u. Wigner-Seitz
radius rWS (equivalent to the lattice constant of 3.55 A˚). At this point one
can see a peculiarity in the shape of the EQOS of the FM fcc phase as well
as a dramatic decrease of the magnetic moments on all atoms down to zero
as rWS decreases below this point (Figure 2 b).
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3.1.2. Elastic constants of the fcc phase
Here, we would like to begin with the results on the elastic constants of
the austenitic phase. Above 40 K, austenitic steels within the compositional
range of Marval X12 have been found to be paramagnetic [63]. Therefore, in
what follows, we are going to focus on the elastic properties of Marval X12
steel in the PM state.
We have employed EMTO-DLM DFT calculations of the PM fcc phase of
Fe76Ni8.3Cr12.6Al1.4Si0.1Ti0.4Mn0.03Mo1.14 steel at both equilibrium theoretical
and experimental [56] lattice parameters. We could not find any experimental
data for comparison to our results on the elastic constants of the Marval X12
steel but we could compare the EMTO-DLM results to theoretical and ex-
perimental data on steels having close compositions to MarvalX12 steels (see
Table 6) and found very reasonable agreement between all these data and our
results. As we would expect based on our experience from previous investiga-
tions of iron and steel [32, 64, 65], 0K equilibrium DFT results underestimate
the experimental lattice constant of Fe76Ni8.3Cr12.6Al1.4Si0.1Ti0.4Mn0.03Mo1.14
steel and respectively overestimate most of the elastic constants. However,
calculations at experimental lattice constant provide generally better agree-
ment between experimental and theoretical results [32, 64]. Relatively low
values of C’ (29 GPa) suggest a phonon mode softening in the system that
is often associated with a possible phase transition (bcc/fcc) [66].
Based on the elastic constants of the fcc phase of Marval X12 steel cal-
culated above, the elastic constants of the fcc phase of steels with increased
carbon concentration are estimated. This estimation is based on the exper-
imentally observed dependence of elastic constants on carbon concentration
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Table 4: Elastic constants and elastic moduli (in GPa) of the fcc phase of
Fe76Ni8.3Cr12.6Al1.4Si0.1Ti0.4Mn0.03Mo1.14 (MarvalX12-type) steel. Calculations have
been done using the EMTO method at different lattice constants alat corresponding to
experimental [56] (@exp) and theoretical equilibrium (@eq) values. The results have been
compared to the results of Refs. [66–68]. Typical composition of Steel 316 shown for
comparison normally includes 16-18% Cr 10-14% Ni.
alat (A˚) Single cryst. El. Const. Elastic modulus
Source Material fcc, PM C44 C11 C12 C’ B G E
Current DFT results
EMTO@eq Marval 3.5433 158 225 128 49 160 98 245
EMTO@exp Marval 3.5954 136 194 137 29 156 74 191
Other DFT results
Ref. [67] Fe70Cr20Ni10 3.6047 128 199 148 25 165 – –
Experimental data
Ref. [66] Fe70Cr15Ni15 – 121 209 133 38 158 77 199
Ref. [66] Fe76Cr12Ni12 – 123 211 140 36 164 76 198
Ref. [68] Steel316 – 119 206 133 37 157 – –
of 304 stainless steels [69]. The elastic constants of fcc phase of different
alloys used in the phase-field simulations are shown in Table-5.
3.1.3. Elastic constants of the bcc phase
We have calculated elastic properties of the FM Fe76Ni8.3Cr12.6Al1.4Si0.1Ti0.4
Mn0.03Mo1.14 bcc alloy using the EMTO method. The calculations have been
performed with two sets of lattice parameters including the theoretical equi-
librium elastic constant at 0K and the experimental value for the ferrite in
Marval X12 steel [56] (see Table 6). As in the case of the fcc phase (see the
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Table 5: Alloy compositions and elastic constants (in GPa) of fcc phase used in phase-field
simulations.
Alloy composition (at. %) C11 C12 C44
Fe-12.8Cr-8.5Ni 194 137 136
Fe-12.8Cr-8.5Ni-0.78C 192 136 135
Fe-12.8Cr-8.5Ni-1.8C 190 134 134
Fe-12.8Cr-8.5Ni-4.5C 185 132 134
Fe-12.8Cr-8.5Ni-5.75C 182 131 133
previous section), the DFT calculations at 0K predict lower lattice constants
than experimental values and elastic constants calculations at theoretical
lattice constants yield slightly higher values than those obtained at the ex-
perimental lattice constant. We could not find data on elastic constants of
the bcc phase of the Marval X12 steel for comparison but our results are
in good agreement with the theoretical data from Ref. [67] on a steel of a
similar composition.
As the next step in our investigation, we have performed two sets of calcu-
lations using the exact composition of the Marval X12 steel and the one con-
taining only the main alloying elements Cr and Ni: i) on Fe76Ni8.3Cr12.6Al1.4
Si0.1Ti0.4Mn0.03Mo1.14 and ii) on Fe78.125Ni9.375Cr12.5 steels. The results have
shown a small difference in the Cij and elastic moduli for these two compo-
sitions. This result has allowed us to simplify the calculations of the multi-
component Marval X12 steel to a three-component Fe78.125Ni9.375Cr12.5 alloy
that could also be modelled using the supercell (SC) approach (see Sec. 2.3)
and the VASP-PAW method.
Results of the comparison between EMTO-CPA and VASP-PAW-SC cal-
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culations demonstrate that both methods provide very close results on the
equilibrium 0K lattice constants as well as on most of the elastic properties.
The largest discrepancies are observed for C ′ (16 GPa), C11 (25 GPa), E (23
GPa) and G (10GPa). We refer to these differences as methodological as-
suming that VASP-PAW calculations may provide more accurate description
of open structures than EMTO [45]. In addition, VASP-PAW calculations
allow one to take into account the effect of local atomic relaxations (not in-
cluded in EMTO-CPA calculations) that, however, appear to be very small
(less than 4 GPa) for all elastic constants and moduli of Fe78.125Ni9.375Cr12.5.
However, the relaxation effects are very important for systems with C and,
therefore, cannot be neglected [70]. In the following section, we will use the
VASP-PAW calculations to investigate the effect of C on the elastic constants
of the Fe78.125Ni9.375Cr12.5 steel.
3.1.4. Elastic constants of the bct phase
Finally, we have investigated the effect of C on the lattice parameters
and elastic properties of the bct martencitic phase of Fe78.125Ni9.375Cr12.5
steel. In Figure 3, we show the results of VASP-PAW calculations of the
steel with 0-6 at% of C. C has a crucial effect on the crystal structure of the
bcc Fe78.125Ni9.375Cr12.5 steel: C induces a tetragonal symmerty in the system
with an increasing c/a ratio as C content increases as it is shown in Table 7.
DFT calculations predict a more pronounced increase of the c/a ratio with
increasing C-content in Fe78.125Ni9.375Cr12.5 steel compared to pure Fe [29, 52]
as it has been assumed in the c/a estimation based on the results from Ref.
[29] shown in Table 3. This deviation, however, does not have a sizeable
effect on the phase field results reported later. We have no experimental
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Table 6: Elastic constants and elastic moduli (in GPa) of the bcc phase of
Fe76Ni8.3Cr12.6Al1.4Si0.1Ti0.4Mn0.03Mo1.14 (MarvalX12-type) and Fe78.125Ni9.375Cr12.5
steels. Calculations have been done using the EMTO and VASP methods at different
lattice constants alat corresponding to experimental[56](@exp) and theoretical equilibrium
(@eq) values. The results have been compared to the results of Ref. [67]. Vasp results
are shown also for the case where atomic relaxations have been included in the calculation
(rel).
alat (A˚) Single cryst. El. Const. Elastic modulus
Source Material bcc, FM C44 C11 C12 C’ B G E
Current DFT results
EMTO@eq MarvalX12 2.8537 121 265 137 64 179 94 239
EMTO@exp MarvalX12 2.8740 112 240 119 61 160 87 221
EMTO@eq Fe12Cr9Ni 2.8486 117 261 136 62 178 91 233
VASP@eq Fe12Cr9Ni 2.8546 117 236 144 46 175 81 210
VASP@eq(rel) Fe12Cr9Ni 2.8548 117 236 140 48 172 82 211
Other DFT results
Ref. [67] Fe70Cr20Ni10 2.8432 126 273 142 65 186 – –
data to compare with the DFT lattice constants of the bct phase. However,
we presume that the absolute values of the lattice parameters from 0K DFT
calculations underestimate the experimental values in a similar manner as
observed in the cases of bcc and fcc phases. An underestimation of the ex-
perimental lattice constant [56] by 0.026 A˚in the case of DFT calculations of
the bcc phase is a typical deviation of the theoretical from the experimental
values for Fe and its alloys [32, 64, 65, 71, 72]. This discrepancy is partly
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related to the absence of the phonon contribution in the current DFT calcu-
lations and partly to the methodological aspects of the DFT description of
Fe [64, 72].
The changes of of elastic constants and averaged polycrystalline moduli
with C addition are shown in Figure 3 and Table 7, respectively. Our results
suggest an increase of C11 and C33, with no change in C13 and a slight decrease
of C12, C44 and C66 elastic constants. These results are consistent with
available experimental data on the Fe-C system [73], where it has been shown
that C11 and C33 increase; C13, C12, C44 and C66 decrease with increasing C
content. A similar theoretical result has been obtained for the Fe-C system
in Ref. [74] for most of the Cij except for C11 and C33 which exhibited the
opposite (to this work and to Ref. [73]) trend (decrease instead of an increase
with increased C content).
Averaged bulk, Young’s and shear moduli remain essentially unchanged
in the whole range of considered C concentrations from 0 to 6 at.% (see Table
7). This is an interesting result suggesting a weak or no impact of C on the
polycrystalline elastic moduli of the martensitic phase in Fe78.125Ni9.375Cr12.5
and related MarvalX12-type of steels. Here, we assume that C will have the
same effect on the elastic properties of the original Marval X12 steel (see
Sec. 3.1.3 for details) and therefore the results for the Cij of the bct phase
of Fe78.125Ni9.375Cr12.5 are used to model the martensitic transformation in
Marval X12 steel using the phase-field simulations.
3.2. Phase-field simulations
The phase-field simulations predict that martensite morphology is lath-
type in Marval X12 steel (Fig. 4), which is in good agreement with the
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Table 7: Lattice constants and elastic moduli of the bcc phase of Fe78.125Ni9.375Cr12.5-C
steel. Lattice parameters have been obtained according to the procedure described in Sec.
2.3.
Lattice constants Elastic modulus (GPa)
Conc., at. % a, A˚ b=c,A˚ c/a B G E
0 2.8548 2.8548 1.000 175 82 211
0.78 2.8498 2.8796 1.010 175 82 211
1.82 2.8370 2.9170 1.028 175 84 214
5.88 2.8049 3.0733 1.096 177 85 218
morphology observed in experiments by Tomimura et al [75] and in maraging
steels that are similar in composition to the Marval X12 steel [76, 77]. The
microstructure evolution (Fig. 4) shows that three variants of the martensite
phase are formed. Variants 1,2 and 3 are shown in red, blue and green,
respectively. Villa and Somers [78] have reported that lath martensite of type
{557}γ is formed in Fe-12.8Cr-8.5Ni alloy. They reported that a martensite
volume fraction of 79 % can be obtained on cooling to room temperature,
whereas the present simulations predict that a martensite volume fraction of
approximately 77 % can be obtained.
The microstructure evolution with an addition of 4.5 at. % carbon to
Marval X12 steel is shown in Fig. 5. Although the simulation is started with
variant-1, the local stress field causes it to completely shrink. The variants
that can minimize the local stresses are favored. In this case variant-3 (green)
is the most favorable one and hence grows to a larger extent compared to
variants 1 (red) and 2 (blue). The microstructure is predominantly lath-type,
although we observe formation of some plate-shaped units as shown in Figs. 6
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and 7. Even a small amount of carbon (0.78 at. %) has a significant effect on
microstructure as shown in Fig. 6b. We observe different martensite variants
being dominant with increased carbon concentration of Marval X12 steel
(Fig. 8a). Variant-1 is the dominant one in Marval X12 steel whereas variant-
3 is the dominant one in the steel with 4.5 at. % carbon (Fig. 8a). The
formation of different variant combinations leads to anisotropic mechanical
properties, especially in steels subjected to ausforming [79].
In plain carbon steels, martensite morphology changes from lath to plate
with increasing carbon concentration [15, 16]. The present simulations pre-
dict a mixed morphology, i.e. some variants in lath shape and some in plate
shape. This is attributed to the presence of high concentrations of other
alloying elements such as chromium and nickel. The increased tetragonality
leads to variations in lattice constants as well as elastic constants. These
variations affect the transformation strains and internal stresses, which lead
to the formation of different variants.
The top view of the microstructure (Fig. 7a) shows that variants are
formed in pairs in Marval X12 steel, similar to the microstructure observed
in 301-type stainless steel [21]. The addition of carbon to Marval X12 steel
does not lead to such a pairing, especially in the regions where plate-type
units are formed (Fig. 7b and c). Figs. 4 - 8 show that variant-1 (red) is the
most favored in Fe-12.8Cr-8.5Ni steel, whereas with an addition of carbon
variant-3 (green) is the most favored variant.
The mean equivalent stress and plastic strain are estimated by calculating
the local von Mises equivalent stress and plastic strain at each point in the
simulation domain and then taking an average of all the respective values.
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Fig. 8b shows that for a given volume fraction of martensite (< 33%), the
mean von Mises equivalent stress is large in Fe-12.8Cr-8.5Ni (Marval X12)
steel and the stress levels decrease with increasing carbon content. The large
stresses generated in Marval X12 steel are minimized through autocatalysis,
i.e. formation of many new martensite variants that resemble laths. The
autocatalytic nucleation of new martensite units causes a rapid increase in
martensite volume fraction during this stage (Fig. 8a). Due to the formation
of a sufficient number of martensite variants, stress decreases during the later
stage of the transformation (> 33% volume fraction of martensite). Due to
the relatively low stress levels in steels with higher carbon content, the degree
of autocatalysis is relatively small compared to that in Marval X12 steel and
hence some plate-type martensite units are observed in these steels.
Fig. 8c shows that for a given martensite volume fraction of upto 33 %,
the mean equivalent plastic strain in Marval X12 steel is the lowest among
all the alloys. In Marval X12 steel as the stresses are minimized through au-
tocatalysis, plastic deformation is relatively small during this stage. Beyond
this stage (> 33 % martensite volume fraction), the stresses are minimized
through plastic deformation as the existing martensite units grow by shearing
the austenite matrix and hence an increase in plastic strain is observed.
In high carbon steels, it has been reported that the transformation stresses
are relieved through a combination of twinning in the midrib region of plate
martensite and slip deformation in the regions adjacent to the midrib [80].
Therefore, the slip deformation in high carbon steels is not as large as that
in low carbon steels. In the present model, the twinning in the midrib region
of plate-shaped units is not included and hence the stress relaxation occurs
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mainly through slip deformation. Therefore, during the initial stages of the
transformation (< 33 % martensite volume fraction), we observe slightly
larger plastic strain generated in the carbon-rich maraging steels compared
to Marval X12 steel.
4. Conclusions
In this paper, we report the elastic properties of the fcc, bcc and bct
phases of Marval X12 and Fe-[11.8-12.8]Cr-[5.9-9.3]Ni-[0-5.9]C steels obtained
by means of DFT calculations. The results predict almost no changes of the
polycrystalline bulk, Young’s and shear moduli with an increase of C content
and moderate monotonous changes of the single crystalline elastic constants
of the martensitic phase. The main effect of C is related to the change of the
crystal and elastic constants symmetry from cubic to tetragonal due to the
martensitic phase transition.
The phase field simulations show that lath martensite is formed in Mar-
val X12 steel, which is in good agreement with experimental observations.
Addition of carbon above the typical values of Marval X12 steel gives rise
to a mixed morphology containing lath and plate martensite. Presence of
a higher carbon content leads to lower von Mises equivalent stress in the
material and hence to a smaller degree of autocatalysis compared to that
in Marval X12 steel. The relatively low stress levels in the steels with high
carbon content gives rise to some coarse plate-type units compared to the
finer lath-type units formed by autocatalysis in Marval X12 steel. During
the initial stages of the transformation (< 33 % martensite volume fraction),
the equivalent plastic strain in Marval X12 steel is the lowest among all the
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alloys as autocatalysis is dominant during this stage. During the later stages,
equivalent plastic strain in Marval X12 steel increases as the stresses are min-
imized through generation of plasticity by the growth of existing martensite
units.
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a) b) c)
Figure 1: Supercells used to model Fe-Cr-Ni disordered alloys with C: a)
Fe76.48Cr11.76Ni5.88C5.88 ), a 17-atom SC; b) Fe76.36Cr12.72Ni9.10C1.82, a 55-atom SC; c)
Fe77.52Cr12.40Ni9.30C0.78, a 129-atom SC. Brown spheres represent Fe, blue represent Cr,
light grey represent Ni and dark brown marked by a red circle around them represent C
atoms respectively.
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Figure 2: a) Equation of state (EQOS) for bcc and fcc phases of
Fe76Ni8.3Cr12.6Al1.4Si0.1Ti0.4Mn0.03Mo1.14 (MarvalX12-type steel) [62]. The pic-
ture shows the EQOS for two different magnetic states: the ferromagnetic (FM) and the
paramagnetic state realized via the disordered local moment (DLM) model calculations.
b) Magnetic moments on atoms in the FM fcc phase.
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Figure 3: Elastic constants of Fe78.125Ni9.375Cr12.5-C steel as a function of C-content. DFT
results for bcc Fe78.125Ni9.375Cr12.5 are compared to room-temperature elastic constants
measurements of fcc Fe76Ni12Cr12 from Ref. [66].
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Figure 4: Lath martensite formation in Fe-12.8Cr-8.5Ni steel at (a) t*= 5 (b) t*= 10 and
(c) t*= 100.
Figure 5: Martensite formation in Fe-12.8Cr-8.5Ni-4.5C steel at (a) t*= 15 (b) t*= 20 and
(c) t*= 100.
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Figure 6: Microstructures obtained at t*=100 in (a) Fe-12.8Cr-8.5Ni (b) Fe-12.8Cr-8.5Ni-
0.78C and (c) Fe-12.8Cr-8.5Ni-4.5C steels.
Figure 7: Top view of microstructures in (a) Fe-12.8Cr-8.5Ni steel at t*=25 (b) Fe-12.8Cr-
8.5Ni-1.8C steel at t*=100 and (c) Fe-12.8Cr-8.5Ni-5.75C steel at t*=100.
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Figure 8: Variation of (a) volume fraction with t* (b) mean von Mises equivalent stress
and (c) mean equivalent plastic strain with martensite volume fraction in different alloys.
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